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Abstract 
 
In this paper the possibility of TDA method using to austenite transformation in nodular cast iron with carbides assessment is presented. 
Studies were conducted on cast iron with about 2% molybdenum and 0,70% to 4,50% nickel. On diagrams, where TDA curves are pre-
sented, on time axis a logarithmic scale was applied. It has not been used up to now. It was found, that during cooling and crystallization of 
cast iron in TDA probe, on the derivative curve there is a slight thermal effect from austenite to upper bainite or martensite transformation. 
Depending on nickel concentration austenite   upper bainite transformation start temperature changed (Bus), while MS temperature was 
independent of it. An influence of nickel on eutectic transformation temperature in nodular cast iron with carbides was determined too. 
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1.  Introduction 
 
Thermal derivative analysis (TDA) method is using to alloys 
crystallization  process  and  their  quality  description  [1￷3].  To 
industrial applications a primary crystallization process is essen-
tial. It usually finishes after about 3 ￷ 6 minutes. Therefore, in 
scientific literature there is not many publications concerning the 
possibility of  TDA  method application to solid transformations 
description. These transformations take place much later. There is 
a significant difficulty because of release slight amount of heat in 
difusionless (e.g. martensitic) or mixed (e.g. bainitic) transforma-
tions. From many research with use of TDA method an austenite 
transformation in cast iron results, that on  the derivative curve 
there is a clear thermal effect coming from austenite to pearlite or 
ferrite transformation or dual thermal effect coming from ferrite 
pearlite microstructure  forming  [4￷12].  From  data presented  in 
works [8, 9, 13￷15], concerning transformation of an austenite to 
upper and lower bainite, martensite or its mixture results, that on 
the derivative curve there is a slight thermal effect, which can be 
questionable (e.g. perturbation  on  the derivative  curve).  In  this 
connection  it  makes  not  possible  to  define  precisely  start  and 
finish transformation temperature. Many tests were executed to 
obtain a clear thermal effect coming from austenite transformation 
to  above-mentioned  microstructures  on  the  derivative  curve.  It 
was found, that the best make a thermal effect budge is obtained, 
when time axis is logarithmic. It is a novelty never shows before. 
Research demonstrated, that in iron alloys even the least amount 
of forming phases can be determined when the derivative curve is 
shown in logarithmic system. In this work for bainitic-martensitic 
nodular cast iron with carbides as-cast obtained is shown, that on 
the derivative curve in logarithmic system there is a thermal effect 
from austenite to bainite or martensite transformation. 
Thereupon the goal is an investigation of possibility of TDA 
method  application  to  austenite  transformation  in  nodular  cast 
iron assessment. An influence of nickel on primary and secondary 
crystallization process and ipso facto nodular cast iron with car-A R C H I V E S   o f   F O U N D R Y   E N G I N E E R I N G   V o l u m e   1 1 ,   I s s u e   3 / 2 0 1 1 ,   159- 1 6 6   160 
bides  microstructure  with  TDA  method  application  was  deter-
mined too. 
 
 
2.  Work methodology 
 
Tested cast iron was melted in induction furnace with capacity 
of  30  kg  and  3,8  kHz  frequency.  Casting  temperature  was 
amounted to about 1480 C. It ensure entire solution of nodulizer 
in liquid metal and the maximum magnesium yield. Cast iron was 
nodulized with use of Inmold method. TDA curves recording was 
made directly into the mould and outside it in the TDA probe, like 
it is presented in Figure 1. A master alloy in amount of 1,00% of 
casting mass was inserted into the reaction chamber. This cham-
ber was located in the gating system behind the gate. Behind this 
chamber the mixing chamber was located. Next, cast iron flowed 
out of the mould through the flow-off and filled the TDA probe. 
In  thermal  centre  of  it,  PtRh10-Pt  (type  S)  thermocouple  was 
located. To bainite, martensite or their mixture and carbides in 
metal matrix obtaining without heat treatment, molybdenum and 
nickel were inserted to cast iron. Castings chemical composition 
was tested with using SPECTROMAXx stationary metal analyzer 
made by Spectro Analytical Instruments GmbH. It is presented in 
Table 1. 
 
 
 
Fig. 1. The scheme of stand to cast iron nodulization and recording its temperature: 1 – lower mould, 2 – upper mould, 3 – gate, 4 – reac-
tion chamber, 5 – mixing chamber, 6 – flow-off, 7 – TDA probe, 8 – PtRh10-Pt thermocouple, 9 – thermocouple shield, 10 – compensato-
ry conductor, 11 – stand 
 
 
Table 1. 
Tested cast iron chemical composition 
Chemical composition, % 
C  Si  Mn  Mo  Ni  Mg 
3,30   
3,86 
2,37   
2,61 
0,06   
0,12 
1,98   
2,11 
0,70   
4,50 
0,04   
0,05 
 
The average P and S concentration was amounted 0,04% and 
0,01%, respectively. 
Cast iron microstructure was tested on metallographic speci-
mens etched by nital, magn. ×1000, with use of Eclipse MA200 
Nikon metallographic microscope. 
3.  Results 
 
In Figure 2 (a ￷ c) TDA curves (a, b) and the microstructure 
(c) of nodular cast iron with carbides containing 2,10% Mo and 
0,70% Ni are presented. 
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a) 
 
Point  , s  t,  C  dt/d ,  C/s 
A  107  1147  -0,05 
B  122  1145  0,13 
D  142  1144  – 
E  157  1144  0,05 
F  167  1144  – 
H  287  1077  -1,55 
K  311  1044  -0,97 
L  340  1003  -1,72 
 
b) 
 
  – primary austenite crystallization, 
 + Cgr  – austenite + nodular graphite eutectic mixture crystalliza-
tion, 
C  – ledeburitic carbides crystallization, 
BU  – austenite   upper bainite transformation, 
BUs  – austenite   upper bainite transformation start tempera-
ture, 
BUf  –  austenite    upper  bainite  transformation  finish  tem-
perature. 
 
c) 
 
microstructure: nodular graphite, upper bainite, carbides, retained 
austenite, lower bainite 
 
Fig. 2 (a ￷ c). TDA curves (a, b) and the microstructure (c)  
of nodular cast iron with carbides containing: 3,45% C; 2,50% Si; 
0,10% Mn; 2,10% Mo; 0,70% Ni 
 
Results from it, that it is a bit hypoeutectic cast iron (CE = 4,23%) 
and  therefore  its  crystallization  starts  from  austenite  nucleuses 
formation and their growth. On the dt/d  = f’( ) derivative curve it 
is visible as AB thermal effect (Fig. 2a). As a next, at the tempera-
ture of 1145 ￷ 1077 C, a graphite eutectic crystallizes (BDEFH 
thermal effect). Ledeburitic carbides form at the end of primary 
crystallization  process  because  of  last  portions  liquid  cast  iron 
molybdenum  enriched.  On  the  derivative  curve  it  is  visible  as 
HKL thermal effect. The finish of cast iron’s primary crystalliza-
tion takes place at the temperature of 1003 C. The microstructure 
of cast iron in this temperature consists of nodular graphite, an 
austenite and carbides on eutectic cells boundaries located. Cer-
tain amount of Mo dissolved in an austenite precipitates as Mo2C 
carbides.  Residual  molybdenum  causes  significant  increase  of 
austenite  stability  in  a  pearlite  region  and  inconsiderable  in  
a  bainite  region.  Therefore  at  the  temperature  of  about  570 C 
BU transformation starts (Fig. 2b). It confirm literature data 
[16].  Transformation  starts  on  graphite/austenite  and  car-
bide/austenite boundaries [13]. The thermal effect coming from 
BU transformation finishes at the temperature of about 340 C. 
After the finish of transformation to upper bainite a small amount 
of an austenite transforms to lower bainite (dark areas in Fig. 2c). 
The  thermal  effect  from  BD  transformation  does  not  occur. 
Most likely this transformation is implosive and proceeds at the 
low  temperature.  Therefore  the  thermocouple,  because  of  its 
inertia, is not be able to register it. 
In Figure 3 (a ￷ c) TDA curves (a, b) and the microstructure 
(c) of nodular cast iron with carbides containing 2,00% Mo and 
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1,00% Ni are presented. Its equivalent carbon content CE amounts 
to 4,10%. 
 
a) 
 
Point  , s  t,  C  dt/d ,  C/s 
A  66  1200  -0,42 
B  87  1182  -1,11 
D  158  1138  – 
E  168  1140  0,44 
F  180  1142  – 
H  280  1076  -1,35 
K  306  1045  -0,82 
L  339  1003  -1,58 
 
b) 
 
  – primary austenite crystallization, 
 + Cgr  – austenite + nodular graphite eutectic mixture crystalliza-
tion, 
C  – ledeburitic carbides crystallization, 
BU  – austenite   upper bainite transformation, 
BUs  – austenite   upper bainite transformation start tempera-
ture, 
BUf  –  austenite    upper  bainite  transformation  finish  tem-
perature. 
 
c) 
 
microstructure: nodular graphite, upper bainite, lower bainite, 
carbides, retained austenite 
 
Fig. 3 (a ￷ c). TDA curves (a, b) and the microstructure (c)  
of nodular cast iron with carbides containing: 3,30% C; 2,50% Si; 
0,10% Mn; 2,00% Mo; 1,00% Ni 
 
An increase of nickel caused a decrease of an eutectic crystalliza-
tion temperature of about 4 C (Fig. 3a). It is necessary to suppose, 
that  it  was  caused  by  chemical  composition  of  cast  iron.  It  is 
hypoeutectic cast iron, therefore in an initial phase an austenite 
precipitation  takes  place.  It  causes  a  liquid  supersaturation  by 
carbon and partially by nickel. They are graphitizing elements and 
broaden the range of graphite eutectic crystallization temperature. 
Therefore it can start at the lower temperature. It has not signifi-
cant effect either on finish of austenite-nodular graphite eutectic 
temperature (difference 1 C) or carbides (the same temperature as 
cast iron containing 0,70% Ni). An increase of nickel concentra-
tion caused decrease start temperature of austenite to upper bai-
nite transformation (Fig. 3b) and increase of lower bainite amount 
at the cost of upper bainite (Fig. 3c). 
In Figure 4 TDA curves (a, b) and the microstructure (c) of 
nodular cast iron with carbides containing 2,00% Mo and 1,50% 
Ni are presented. It is hypereutectic because of its CE = 4,62%. 
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a) 
 
Point  , s  t,  C  dt/d ,  C/s 
D  82  1144  – 
E  97  1146  0,18 
F  136  1148  – 
H  248  1099  -1,53 
K  288  1044  -0,90 
L  320  1000  -1,69 
 
b) 
 
 + Cgr  – austenite + nodular graphite eutectic mixture crystalliza-
tion, 
C  – ledeburitic carbides crystallization, 
BU  – austenite   upper bainite transformation, 
BUs  – austenite   upper bainite transformation start tempera-
ture, 
BUf  –  austenite    upper  bainite  transformation  finish  tem-
perature. 
c) 
 
microstructure: nodular graphite, lower bainite, upper bainite, 
carbides, retained austenite 
 
Fig. 4 (a ￷ c). TDA curves (a, b) and the microstructure (c)  
of nodular cast iron with carbides containing: 3,80% C; 2,50% Si; 
0,10% Mn; 2,00% Mo; 1,50% Ni 
 
Because it is hypereutectic cast iron, to start of graphite eutectic 
crystallization a slight overcooling is necessary. It is confirmed by 
higher  (of  6 C,  Fig. 4a)  crystallization  temperature  against  hy-
poeutectic cast iron. Higher concentration of nickel caused signif-
icant  decrease  of  BU  transformation  start  temperature  (of 
30 C, Fig. 4b). Results from it, that increase of nickel and carbon 
concentration in cast iron decreases start temperature of austenite 
 upper bainite transformation BUs, while it has not the influence 
on transformation finish temperature BUf. From Fig. 4c a signifi-
cant decrease of upper bainite amount results too. 
In Figure 5 (a ￷ c) TDA curves (a, b) and the microstructure 
(c) of nodular cast iron with carbides containing 2,00% Mo and 
2,50% Ni are presented. 
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a) 
 
Point  , s  t,  C  dt/d ,  C/s 
D  87  1146  – 
E  100  1147  0,16 
F  121  1149  – 
H  266  1074  -1,55 
K  286  1048  -0,88 
L  319  999  -1,79 
 
b) 
 
 + Cgr  – austenite + nodular graphite eutectic mixture crystalliza-
tion, 
C  – ledeburitic carbides crystallization, 
M  – austenite   martensite transformation, 
Ms  – martensite start temperature. 
 
c) 
 
microstructure: nodular graphite, lower bainite, upper bainite, 
martensite, carbides, retained austenite 
 
Fig. 5 (a ￷ c). TDA curves (a, b) and the microstructure (c)  
of nodular cast iron with carbides containing: 3,80% C; 2,50% Si; 
0,10% Mn; 2,00% Mo; 2,50% Ni 
 
Results from it, that nickel in amount to 2,50% caused an increase 
of eutectic crystallization temperature against cast iron containing 
1,50% Ni (Fig. 5a). In metal matrix microstructure there are upper 
and lower bainite, martensite and carbides. From Fig. 5b results, 
that  the  thermal  effect  coming  from  austenite  to  upper  bainite 
transformation is relatively slight. It is caused by slight amount of 
upper bainite (about 10%). The greatest fraction in the microstruc-
ture  has  a  lower  bainite.  Its  crystallization  does  not  cause  an 
occurrence of the thermal effect on derivative curve. Despite of 
small amount of martensite (about 20%), its crystallization causes 
the thermal effect on crystallization curve. Martensitic transfor-
mation starts at the temperature of about 190 C. The same MS 
temperature occurs exemplary for molybdenum steel containing 
0,90% C. It is presented in Figure 6. In work [16] it was found, 
that for some kinds of cast iron MS temperature is amount to 180 
 285 C. 
An increase of nickel content to 4,50% caused changes pre-
sented in Figure 7 (a   c). 
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Fig. 6. The fragment of Fe-Mo diagram for steel containing 
0,90% of C [17] 
 
a) 
 
 
 
Point  , s  t,  C  dt/d ,  C/s 
D  86  1150  – 
E  102  1152  0,17 
F  127  1154  – 
H  260  1100  -1,49 
K  294  1055  -0,88 
L  331  1003  -1,71 
 
b) 
 
 + Cgr  – austenite + nodular graphite eutectic mixture crystalliza-
tion, 
C  – ledeburitic carbides crystallization, 
M  – austenite   martensite transformation, 
Ms  – martensite start temperature. 
 
c) 
 
microstructure: nodular graphite, martensite, carbides, retained 
austenite 
 
Fig. 7 (a ￷ c). TDA curves (a, b) and the microstructure (c)  
of nodular cast iron with carbides containing: 3,80% C; 2,50% Si;  
0,10% Mn; 2,00% Mo; 4,50% Ni 
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Results from it, that eutectic mixture crystallization tempera-
ture is the highest of all kinds of tested cast iron. The metal matrix 
microstructure consists of martensite and carbides. Austenite to 
martensite transformation caused a thermal effect occurrence on 
the derivative curve (Fig. 7b). Transformation start temperature is 
amounted to about 190 C and it is the same temperature as in cast 
iron containing 2,50% Ni. 
 
 
4.  Conclusions 
 
Results have indicated the following: 
  in nodular cast iron with carbides an austenite transformation to 
upper bainite and/or martensite causes release of small amount 
of heat and it can be recorded using thermal derivative analysis 
(TDA) method in a logarithmic system, 
  austenite  to  lower  bainite  transformation  does  not  cause  an 
occurrence of the thermal effect on crystallization curve, 
  in nodular cast iron with carbides containing about 2% of mo-
lybdenum an increase of nickel and carbon causes an increase 
of eutectic crystallization temperature, 
  an increase of nickel concentration in nodular cast iron with 
carbides decreases an austenite to upper bainite transformation 
temperature, 
  Ms temperature in nodular cast iron with carbides is indepen-
dent of nickel concentration. 
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